Objectives: We have shown earlier that administration of the flavonoid quercetin significantly contributed to recovery of motor function after spinal cord compression injury in the adult rat. Using the same animal model, we have now designed a set of experiments to test the hypothesis that quercetin attenuates oxidative stress-related inflammatory processes early after spinal cord trauma. Methods: Mid-thoracic spinal cord compression injury in adult male Wistar rats was caused by extradural application and closure of a 50 g calibrated aneurysm clip for 5 s. Myeloperoxidase (MPO) levels were determined in spinal cord tissue and serum of quercetin-treated animals and controls at 6, 12, 24 and 72 h after injury. The white blood count was followed until 72 h after injury. Results: In quercetin-treated animals, MPO activity was significantly decreased in tissue at 12 and 24 h and in serum at 6, 12 and 24 h after injury, compared with saline controls. In quercetin-treated animals, the prevalence of ED-1 and MPO positive cells was significantly lower than in saline controls. White blood count in venous blood was significantly decreased in quercetin-treated animals at 12 and 24 h after injury. Conclusion: Quercetin attenuated the recruitment of neutrophils to the site of injury. The resulting lower MPO release in the injured tissue is likely to decrease the extent of secondary injury and might at least partially explain the neuroprotective effect of the flavonoid quercetin.
Introduction
In the clinical setting of spinal cord injury, pathomechanisms of the secondary injury complex significantly increase the volume of the lesion and may result in complete loss of functional spinal cord tissue across the entire cross-sectional surface at the site of injury. [1] [2] [3] Structures that were not directly injured by the primary mechanical impact are damaged in an unfavourable cellular environment, and damage becomes permanent in tissue structures that potentially could have recovered. 4, 5 Studies in an animal model of spinal cord compression injury have shown that survival of as little as 10% of all axons in the rat spinal cord is sufficient to support significant motor function. 6, 7 Therefore, protection of even a small number of primarily undamaged axons from delayed cell death may result in a considerable difference in functional outcome for the patient.
In earlier experiments, we have shown that administration of the flavonoid quercetin contributes significantly to an improved recovery of motor function in an animal model of spinal cord compression injury. 8, 9 Bradley et al. 10 have
shown that myeloperoxidase (MPO) activity can reflect fairly well the extent of neutrophil accumulation in tissue. Pincemail et al. 11 have shown that quercetin is a potent inhibitor of MPO activity in vitro in a system of activated neutrophils. On the basis of these observations, we have designed a set of experiments to test the hypothesis that administration of quercetin attenuates inflammatory processes in the early phase after acute traumatic spinal cord injury.
Materials and methods
A total of 40 adult male Wistar rats (306-366 g, Charles River, Canada) were used, and all experiments were conducted in accordance with the guidelines of the Canadian Council on Animal Care. Thirty-six animals were subjected to standardized mid-thoracic spinal cord trauma (T7). The remaining four animals served as uninjured controls. We used the model of mid-thoracic spinal cord compression injury introduced by Rivlin and Tator, 12 which has been well established in our laboratory for several years. In this model, an aneurysm clip with a calibrated closing force is closed around the mid-thoracic spinal cord for 5 s which, in the absence of therapeutic intervention, leaves all animals completely paraplegic. Laminectomy was performed at T6/ 7 level, and the spinal cord was exposed without opening the dura mater. The animals were randomly assigned to four experimental groups, being killed at 6, 12, 24 or 72 h after injury (Table 1) . Half of the animals in each group received doses of 25 mmol kg À1 quercetin (quercetin dihydrate, Sigma, Oakville, Ontario, Canada) suspended in normal saline as intraperitoneal injection twice daily, starting 1 h after the injury. Animals killed at 12, 24 and 72 h after injury received their last doses about 40-50 min before they were killed. The other half of the animals received 3 ml normal saline on the same schedule as quercetin-treated animals.
MPO activity
The MPO activity was measured in both spinal cord tissue and serum of quercetin-treated animals and saline controls at 6, 12, 24 and 72 h after injury (n ¼ 4 per group). Four healthy animals served to establish normal values. The animals were killed by percardiac perfusion under inhalation anaesthesia with Halothane, using B300 ml ice cold physiological saline per animal. Before any saline was introduced into the vascular system, about 3 ml of blood were aspirated. Serum was collected after centrifugation for 3 min at 13 000 r.p.m. and stored in cryovials at À70 1C until biochemical assays were performed. Serial laminectomy was performed from mid-cervical to lumbar levels, while cooling with liquid nitrogen continued at regular intervals. Individual spinal cord segments were stored in cryovials at À70 1C awaiting analysis. For the measurement of MPO activity in spinal cord tissue, a spectrophotometric method was used. 13 Spinal cord segments from the site of injury (T6-8) and segments cranial (T4) and caudal (T10) to the injury site were weighed, homogenized mechanically and sonicated in 50 mM HTAB buffer (1 part tissue in 20 parts HTAB buffer, pH 6, containing 0.5% hexadecyltrimethylammonium bromide) on ice, two times for 3 s and once for 5 s. Hexadecyltrimethylammonium bromide is a detergent used to extract MPO from the neutrophil granules. 14 The sonicated homogenates were centrifuged for 15 min at 13 000 g and 4 1C, after which the supernatant was transferred to a new centrifuge tube. Absorbance at 460 nm was measured after adding o-dianisidine dihydrochloride in potassium phosphate buffer (pH 6.0) with H 2 O 2 to the supernatant, using a spectrophotometer (SPECTRA MAX 190, Molecular Devices, Sunnyvale, CA, USA). Absorbance was calculated by computer software in the Endpoint protocol. As the basis of this assay is the reaction of hydrogen peroxide and chloride to form hypochlorous acid that in turn oxidizes o-dianisidine dihydrochloride to form a coloured end product, one unit of MPO activity is defined in terms of 1 mmol oxidized odianisidine formed per minute at 25 1C.
For the measurement of MPO activity in serum, the same procedure was followed after dilution of the serum 1:2 with HTAB. All analyses were performed in triplicate.
Immunohistochemistry for MPO and ED-1 Two quercetin-treated animals and two saline controls were killed at 24 h, the time at which a maximum influx of white blood cells was expected. After perfusion with 4% formalin, the spinal cord segments containing the site of injury were isolated and stored in 4% formalin overnight, then transferred to a 30% sucrose solution for 48 h (cryoprotection). The samples were embedded in OCT for sagittal (longitudinal) sections, with the site of injury in the middle. Cryosections at 20-mm thickness were mounted on Superfrost plus slides (VWR). Three slides with two sections each were prepared from each of the animals. The sections were double stained with MPO antibody raised in goat (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA, 1:100 dilution; secondary AB: FITC anti-goat IgG) and monoclonal ED-1 antibody (DakoCytomation, 1:250 dilution; secondary AB: cy3 anti-mouse IgG), photographed and loaded into Image J. In each section, we measured the percentage of the total section area stained red (ED-1 positive) and green (MPO positive). The differences between group means were statistically significant (*) for MPO in tissue at the injury segment at 12 h (P ¼ 0.016) and at 24 h (P ¼ 0.008) and at 6 h (P ¼ 0.02), 12 h (P ¼ 0.04) and 24 h (P ¼ 0.04) in the serum. A statistically significant difference between the WBC of quercetin-treated animals and saline controls was seen at 12 and 24 h after injury.
No statistically significant differences were seen in the WBC between quercetin-treated animals and saline controls although a strong trend towards a decrease was seen in quercetin-treated animals. All values are presented as group means ± s.d.
Quercetin
Blood cell counts
White blood cell count was performed on a full blood smear. The methanol-fixed slides were stained with Wright's (4 min) and counterstained with Giemsa (10 min). Cells were counted per field of view in 10 fields for each sample under medium magnification.
Statistical analysis
A non-parametric t-test (Mann-Whitney test) was used for analysis of MPO levels, whereas a simple unpaired t-test was used for white blood count analysis. Data between group means were considered statistically significant if Pp0.05.
Results
An overview over the group means of MPO levels in tissue and serum of injured animals as well as group means of white blood count is given in Table 1 . All values in this section are presented as mean values±s.d.
MPO activity
The MPO activity in spinal cord segments of healthy animals was not significantly different at different cord levels. Group means were 0.62 units g À1 tissue at T7 ( ± 0.04). The mean value for serum levels of MPO in healthy animals was 0.0021 units l À1 (±0.00044). Compared with saline controls, a significant decrease of MPO activity in spinal cord tissue at the site of injury was found with quercetin treatment at 12 h (P ¼ 0.016) and at 24 h (P ¼ 0.008) after trauma. No statistically significant difference was seen at 6 h (P ¼ 0.4) and at 72 h after injury (P ¼ 0.7). Compared with the injury segment, very little MPO activity was detected in the spinal cord segments cranial (T4) or caudal (T10), three segments distant from the injury site ( Figure 1 ). The MPO values measured in the cranial segments were generally lower than those measured in the caudal segments ( Figure 2) . However, the differences between cranial and caudal segments of treated and untreated animals were not statistically significant at any of the studied time points after injury. Significantly reduced levels of MPO activity in serum were seen at 6 h (P ¼ 0.02), 12 h (P ¼ 0.04) and 24 h (P ¼ 0.04) with administration of quercetin, compared with saline controls. Although there were lower MPO activity levels at 72 h after injury, this was not statistically significant.
In healthy animals, the white blood count was 2.33/field of view ( ± 0.58). The differences between quercetin-treated animals and saline controls were statistically significant at 12 h (P ¼ 0.0177) and 24 h (0.0341) after injury. No difference was seen at 72 h.
In the tissue of quercetin-treated animals, the prevalence of ED-1 positive cells or cell fragments was also remarkably lower than in the tissue of saline controls. In the sections obtained from the trauma site at 24 h after injury, total area measurements were 26.7% (±16.3) for ED-1 and 24.3% (±15.4) for MPO in saline controls and 14.8% of the total area ( ± 2.8) for ED-1 positive (red) and 6.5% ( ± 2.5) for MPOpositive (green) in quercetin-treated animals ( Figure 3 ). The differences between treated animals and saline controls were statistically significant for ED-1 (P ¼ 0.011) and of borderline significance for MPO (P ¼ 0.051). These values are congruent with the results obtained in the biochemical assay and the cell count.
Discussion
The first days after spinal cord injury are characterized by an influx of neutrophils (peak influx at 1 day) and macrophages (peak influx at 3 days) into the tissue at the site of injury and adjacent spinal cord segments in both animal models and human patients. 13, 15 Neutrophils, when stimulated, generate potent reactive oxygen species that are released into the extracellular space where they oxidize DNA, proteins and lipids, increasing the volume of secondary damage after the trauma. [16] [17] [18] [19] The oxidant activity of H 2 O 2 is significantly enhanced by the action of MPO. MPO catalyses the reaction of hydrogen peroxide and chloride anions, generating hypochlorous acid (HOCl) and chloramines. The reactivity of the latter is about two orders of magnitude higher than that of H 2 O 2 alone. 11 These oxidant species, together with hydrolytic enzymes, are released into the extracellular space. Bradley et al. 10 have shown that the haemoprotein MPO activity can reflect fairly well the extent of neutrophil accumulation in tissue. MPO, stored in the granules of neutrophils, has been described as key regulator in oxidant production by cellular mediators of inflammation. 20 Similar to earlier findings that peak neutrophil numbers accumulated in injured spinal cord at B12-24 h post-injury, we showed that the highest level of MPO in injured tissue Figure 2 Temporal kinetics of myeloperoxidase levels in spinal cord segments at three segments distance from the site of injury, cranial and caudal.
Quercetin attenuates inflammation after spinal cord injury E Schültke et al was around 12-24 h post-injury. We were able to show in our animal model of spinal cord compression injury, that MPO levels in quercetin-treated animals were significantly lower at the 12 and 24 h time intervals at the site of injury than in saline vehicle-treated animals. Peak levels of MPO in serum from saline vehicle-treated animals occurred also in the 12-24 h post-injury time period. Although levels at 24 h appeared to be higher than at 12 h, this was not significant. Again, in the quercetin-treated animals, the MPO activity in serum was significantly lowered at the 12 and 24 h time periods as well as at the 6 h time period. The spinal cord tissue MPO activity at the sites adjacent to the injury was also lower in quercetin-treated animals, compared with saline vehicle controls; however, this did not reach the level of significance. We conclude that the MPO level changes seen in injured spinal cord tissue reflected the changes seen in serum MPO levels.
Immunocytochemistry at 24 h after injury also showed that quercetin decreased the expression of markers for neutrophils and activated macrophages in the injured tissue, compared with saline controls. This was determined by measuring the area occupied by immunofluorescent signal for both activated macrophages (ED-1-positive cells) as well as MPO-positive cells (mainly neutrophils). This decrease of immunofluorescent signal was in rough proportion to the decrease seen with MPO activity. Not surprisingly, total blood leucocytes increased after spinal cord injury with peak numbers being seen at the 12 and 24 h time periods after injury. As seen with the MPO activity, the administration of quercetin to animals with spinal cord injury significantly decreased the leucocyte count at 12 and 24 h. Given that the peripheral leucocyte count was decreased in quercetintreated animals, our findings would support the hypothesis that quercetin decreases activation of leucocytes, thereby decreasing the numbers in blood and injured tissue. Alternatively, it could be possible that, in agreement with the earlier quoted observations made by Pincemail, the production of MPO by neutrophils in the injured tissue is decreased, resulting in an overall lowered inflammatory status and thereby a reduced peripheral leucocyte count.
The results of our experiments support our hypothesis that administration of quercetin attenuates inflammatory processes in the setting of experimental spinal cord compression injury. We have shown that twice daily administration of 25 mmol kg À1 quercetin significantly attenuated the recruitment of inflammatory cells into the injured tissue and resulted in significantly decreased MPO levels. Thus, the modulation of MPO tissue levels is one of the pathways through which the compound acts in the setting of spinal cord injury. Quercetin attenuates inflammation after spinal cord injury E Schültke et al
